The distribution and functional presence of three voltage-dependent potassium channels, suggests specific roles in intercellular signaling processes in the Helix CNS, most probably related to well-defined, partly local events. The cellular localization of the K + -channels studied supports their involvement in both pre-and postsynaptic events at perikaryonal and axonal levels.
Introduction
Potassium (K + ) channels are the most widely distributed type of ion channels which can be found virtually in all living organisms (Kurachi et al., 1999) . Voltage-dependent K + -channels are complex proteins composed of six trans-membrane segments, and this building block constitutes the basic pore-forming unit of most eukaryotic voltage-gated K + -channels (Choe, 2002) . The functional channel is formed in the membrane by the assembly of four of the six subunits. Early studies have identified four members of the voltage-dependent K + -channel family, the K v 1, K v 2, K v 3, K v 4 channels which correspond to the shaker, shab, shaw and shal channel subfamilies, respectively, originally identified in Drosophila (Butler et al., 1989) . Studies with mammals have revealed a number of additional channel varieties (K v 5-12, Kues and Wunder, 1992) . K + -channels have already been identified in the egg of coelenterates (Hagiwara et al., 1981) . The diversification of the K + -channels started by the early evolution of metazoan animals and since they have developed an extraordinary molecular diversity (Birnbaum et al., 2004) . In invertebrates K + -channels represent the largest channel family, including about 30 identified genes in flies and 90 genes in worms (Butler et al., 1989; Wei et al., 1996; Kurachi et al., 1999) .
Voltage-dependent K + -channels play a pivotal role in bursting of nerve cells and neuronal excitability (Hille, 2001; Migliore and Shepherd, 2002; Frick and Johnston, 2005; Vacher, 2008) , as well as they stabilize cell voltages by counteracting the depolarizing effect of other (Ca 2+ and Na + ) channels and re-polarize cells following action potentials (Conley and Brammar, 1999) . In nerve cells various K + -channels have also been shown to participate in synaptic plasticity for short-and long-term memory, meanwhile they can be activated or suppressed depending on function and physiological effects (Pfaffinger and Siegelbaum, 1990) .
A voltage-dependent rectifying K + -channel was first described 60 years ago in the giant axon of the squid (Hodgkin and Huxley, 1952) and later K-current was recorded from neurons of the slug Onchidium by Hagiwara et al. (1961) . The cloning of Aplysia K + -channel showed a considerable homology to other K + -channels cloned in vertebrates (Pfaffinger et al., 1991) , and a shaker K + -channel gene has been demonstrated to influence the electrical properties of identified Aplysia neurons (Kaang et al., 1992) . The role of K + -channels in the modification of learning processes in Aplysia (Kandel and Schwartz, 1982; Baxter and Byrne, 1990) and
Hermissenda (Alkon et al., 1985; Collin et al., 1988) was also demonstrated.
Recently, the contribution of Na + -and K + -channels to the function of procerebral globuli cells has been suggested in Helix pomatia (Pirger et al., 2013) . Azanza et al. (2008) demonstrated the presence of different ion channels, including the delayed rectifier K + -channel, in the neurons of the subesophageal ganglion complex of Helix aspersa by immunohistochemistry. However, the investigation of other the voltage-gated channels as
well as the precise distribution, projections and possible intercellular contacts of K + -channel containing neurons have been neglected completely. Data have also been missing regarding the presence, distribution and cellular localization of K + -channels in the rest of the snail CNS, including the pairs of the buccal, cerebral (brain) and pedal ganglia, which contain pivotal elements and networks involved in the regulation of different physiological processes such as feeding and locomotion and learning phenomena connected to them (Chase, 2002 ). The precise localization and functional characterization of K + -channels are indispensable to have a better insight in K + -channels regarding their possible implication in signal transduction processes in the nervous system of gastropods, a group including important models of neurobiology.
In order to obtain information as broad as possible on the presence of voltage-gated K + -channels in the Helix CNS, we have tested several, altogether seven antibodies raised against different K + -channels. First it was the K v 1 family (K v 1.1, K v 1.2, K v 1.4) because shaker related genes generally show a high degree of interspecies conservation (Wymore et al., 1994 (Battonyai et al., 2012) .
Experimental procedures

Animals
Adult specimens of the snail Helix pomatia were used. They were collected in the surrounding areas of Tihany, kept until use under laboratory conditions and fed on lettuce. The cerebral, pedal and buccal ganglia were dissected from the animal, pinned out in a Sylgard-coated dish, and the thick connective tissue sheath was removed. The innermost perineurium was digested by a treatment with 1% protease (Sigma XIV, Sigma) for [5] [6] [7] [8] minutes. Current recordings from the large size neuron located in the buccal ganglia were performed using a GeneClamp amplifier (Axon Instruments, Union City, USA) in two microelectrode voltage-clamp (VC) mode. Currents from small diameter neurons located in the PC and the pedal ganglia were recorded using an AxoClamp 2B amplifier in discontinuous SEVC mode. Electrodes pulled from borosilicate glass capillaries (1B1150F-3
World Precision Instrument, Inc., Sarasota, USA) had a resistance of 4-6 MΩ when filled with Na-acetate (4 mM) or KCl (2.5 mM) solution. Data acquisition and analysis were performed using Digidata interface and pCLAMP software (Axon Instruments). Capacity and leakage subtraction were performed using a combination of analogue compensation and P/24 subtraction protocol. Experiments were performed at room temperature of [20] [21] [22] o C in snail physiological solution in mM: 80 NaCl, 4 KCl, 10 CaCl 2 , 5 MgCl 2 , 10 Tris-HCl, (pH=7.4).
The recording chamber (0.5 ml) was perfused continuously at a rate of 1 ml/min with snail physiological solution using a gravity feeding system and the superfluous solution was removed by suction. In part of the experiments for recording transient outward K-current the physiological solution was modified to contain 5 mM tetraethylammonium chloride (TEA, Sigma, Budapest) and NaCl was replaced for sucrose. In sucrose and 5 mM TEA saline the Na-dependent inward current and part of the K-currents, except A-current, was eliminated..
The large bore pipette (20 mm) was placed close to the cell soma to be studied. The test solution flow from this pipette was controlled changing the hydrostatic pressure applied to the pipette. The use of this superfusion system allowed a rapid and complete change of the local solution with minimal cell disturbance. The following drugs were used: 100nM blooddepressing substance (BDS-II), apamine (not shown), (both from Alomone Labs, Jerusalem), 4mM 4-aminopyridine (4-AP) and 20 mM tetraethylammonium chloride (TEA, both from Sigma, Budapest).
Results
Immunohistochemical localization of K + -channel containing neurons
Immunohistochemical experiments revealed a broad distribution but at the same time (Fig. 5 ). In the medial region of the rostro-dorsal surface of the buccal ganglia they formed a large cluster of the labeled neurons with an average diameter of 15 μm (Fig. 1A, B) . In the cerebral ganglion K v 2.1-IR globuli cells occurred throughout the cell body layer of the procerebrum (PC; Fig.   1C , D). At higher, immersion oil magnification it could be clearly seen that the strong immunoreactivity was distributed evenly in the narrow cytoplasmic ring of the globuli cells measuring an average diameter of 5-8 μm (Fig. 1D, insert) . No labeling was found in the larger (12-15 μm) neurons of the PC located along the marginal surface. In the lateral part of the metacerebrum small bundles of fibers were running, displaying varicose arborizations in the pedal lobe (Fig. 1C) . These fibers were found to originate from small (15-20 μm) neurons located within the lobe (Fig. 1E ). In the mesocerebrum a group of neurons displayed moderate K v 2.1 immunoreactivity (Fig. 1F) . Camera lucida drawings revealed further details of the distribution of K v 2.1-IR elements in the in the cerebral ganglion (Fig. 2) . At low magnification the ruling element was a labeled thick axon bundle system crossing the neuropil in the meso-and metacerebrum and projecting towards the commissure ( Fig. 2A) , meanwhile high magnification reconstruction provided evidence for the presence of small immunolabeled varicosities located among and around unlabeled neurons in the cell body layer of the PC (Fig. 2C ). In the suboesophageal ganglion complex all ganglia contained labeled cell clusters (Fig. 5) . The labeled neurons displayed immunoreaction sometimes only in a part of the cytoplasm (Figs. 1G, H ). In the parietal ganglia two major groups of labeled neurons were present, one population formed by smaller size (15-20 μm) cells, located near the pallial nerve root which contained densely arranged labeled axons (Fig. 1G) , and the second one contained medium size (40-50 μm) neurons located near the pleural ganglion. Four labeled cell groups were present in the anterior, lateral and medial parts of the perikaryonal layer of the pedal ganglion (Fig. 5) , each consisting of about 20-25 small (15-30 μm) neurons displaying immunoreactivity in a part of the cytoplasm (Fig. 1H ).
3.1.2 K v 3.4 channel immunoreactive neurons K v 3.4-immunoreactive (IR) neurons and fibers were present everywhere the Helix CNS (Fig. 5) . In the ventro-medial part of the paired buccal ganglia, medium size (50-60 μm) labeled neurons were located (Fig. 3A) . The labeled neurons sent thick axons to the buccal neuropil which after branching entered the buccal commissure (Fig. 3A) . In the neuropil labeled varicose processes were found juxtaposed the labeled thick axons suggesting a close contact with them (Figs. 3B, C). In addition, medially and laterally located clusters of small (10-15 μm) size neurons, which could be observed throughout the ganglion from the dorsal to the ventral surface, also displayed positive immunoreaction (Fig. 3B) . At high magnification immersion oil view both the medium and small diameter cells contained dot-like immunoprecipitation located close to the cell membrane, in addition to the usual diffuse cytoplasmic appearance (Fig. 3D, E) . One of the identified giant motoneurons, the B2 cell (Altrup et al. 1982 ) also displayed immunolabeling (Fig. 5 ). In the cerebral ganglion groups of labeled cells consisting of 8-10 (5-8 µm) in the PC and 25-40 (20-30 µm) neurons in the metacerebrum could be found (Figs. 3 F, G, 5 ). The K v 3.4-IR neurons visualized in the pedal lobe projected with their axons to the cerebro-pedal connective (Fig. 3F ). In the rest of the CNS, the subesophageal ganglion complex, additional small groups of K v 4.3 labeled neurons were present (Fig. 5) , except a large cluster (30-40) of labeled cells in the cerebro-pedal lobe of the pedal ganglion (Fig. 3H) . All over the neuropil branching varicose axons was observed.
K v 4.3 channel immunoreactive neurons
The presence of K v 4.3 immunolabeled elements was also notable in the whole CNS except the visceral ganglion where they were absent (Figs. 4, 5) . In addition to several labeled neuronal groups and fibers in the neuropil, labeled elements in non-neuronal tissues in the vicinity of the ganglia could also be observed. In the buccal ganglion a large cell cluster containing about 30-40 cells was found, which extended through the whole ganglion from the dorsal to the ventral surface (Fig. 4A ). In the PC, K v 4.3-IR globuli cells were partly located along the borderline between the medullary (terminal) neuropil and the cell body layer (Fig.   4B ). Their number was small and the strong immunolabeling dominated the entire cytoplasm.
In the cell body layer septal axon bundles formed extensive branching which originated at least partly from groups of labeled cell bodies located at the lateral surface of the PC (Fig. 4C,   D ). The terminal neuropil showed a slight overall staining, in contrast to the internal mass (Fig. 4F) . Towards the periphery in the pallial nerve roots originating from the right parietal ganglion fine K v 4.3-IR varicose fibers were running among unlabeled cell bodies while other labeled axons projected parallel inside the nerves (Fig. 4E ).
Only in case of K v 4.3 channel, immunolabeled fibers were also found outside but near to the CNS: extensive branchings were present in the connective tissue sheath surrounding the ganglia (Fig. 4A ) and the aorta wall was also innervated by K v 4.3-IR processes (Fig. 4H ).
At ultrastructural level we have found HRP-DAB labeled K v 4.3-IR varicosities containing 80-100 nm granular vesicles in the neuropil of the procerebrum and in the neuropil region of other, for example the pedal ganglia of the CNS (Fig. 6) . The labeled profiles were typical small diameter varicosities in the procerebrum (Figs. 6A, B) , meanwhile in the pedal ganglion large (3-4 μm) axon profiles completely filled with granular vesicles were also found (Fig. 6C ). The quality of immunolabeling was different, displaying sometimes typical strongly electron dense precipitations distributed overall in the axon profiles (Figs. 6A, B) and sometimes being present as fine appositions partly attached to the axon membranes and the granular vesicles, and partly distributed in the axoplasm (Fig. 6C) , lending a general appearance of increased electron density to the labeled profiles emerging from the surroundings or being distinguished from unlabeled axon profiles (Figs. 6A, C).
Immunodetection of K v 2.1, K v 3.4 and K v 4.3 channel peptides
The immunodetection of anti-K v 2.1, anti-K v 3.4 and anti-K v 4.3 antibodies was tested applying Western blot. In case of K v 2.1 channel, a prominent band was observed at the expected molecular weight, about 110 kDa, for both the CNS and in the PC (Fig. 7) . Both in the labeled CNS and the PC immunoreactive band were clearly seen. In case of K v 3.4 channel the specific band, which was totally blocked in the pre-absorption control experiment, appeared at 250 kDa in the CNS (Fig. 7) , which is the double weight as described in the literature (Wang et al., 2004 
Electrophysiological properties of K + -channels containing neurons
When the membrane potential of the B2 neuron located in the buccal ganglion and expressing K v 3.4 channel immunoreactivity was stepped above -50 mV after the hyperpolarizing prepulse to -100 mV for 200 ms a typical fast transient K-current (A-current) was activated, and inactivated in a solution in which NaCl was omitted and 5mM TEA was added to depress inward Na-, delayed rectifier and Ca-activated K-currents (Fig. 8A ). Current traces shown in Fig. 8A were obtained subtracting currents without hyperpolarizing prepulse to -100 mV from those obtained from prepulse experiment. Kinetic parameters of A-currents were similar to other neuronal A-type currents recorded from both vertebrate and invertebrate neurons: they rose rapidly to a peak value and decayed exponentially during the 400 ms depolarizing pulse (Rudy, 1988) . The A-type current was more sensitive to 4-AP (Fig. 9B) than to TEA and could be blocked by 100 nM of BDS-II, the specific blocker of K v 3.4 channel (Fig. 8A') . The recovery after BDS-II block was complete (Fig. 9A ).
Using the same voltage-protocol and the same physiological saline, quite different transient K-current was recorded from neurons located in the caudo-medial lobe of the pedal ganglion and expressing K v 4.3 immunoreactivity channels (Fig. 8B ). These A-type currents were smaller in amplitude and also slower in their kinetics however the voltage-dependence was much similar to that of the fast transient A-current, although the currents could also be activated without hyperpolarizing prepulse (Fig. 8B') . The current could also be blocked by 4-AP, however, it was less sensitive to TEA. The slow A-type transient currents were expressed in the neurons of pedal ganglion and resembled to currents described in Aplysia by Furukawa et al. (Furukawa et al., 1992) , although the channel type was not identified by these authors.
Typical delayed K-current recordings from PC neurons expressing K v 2.1 channel immunoreactivity are shown in Fig. 8C . Currents recorded in Na-free physiological solution started to be activated after a short delay and after reaching the steady state level they were maintained for the duration of the depolarizing pulse. The current-voltage relationship shows that the currents were activated from -20 mV from the HP=-60 mV, where the A-currents are almost completely inactivated. Currents through delayed rectifier channels were sensitive to block of 20 mM TEA and relative insensitive to blocking by 4 mM 4-AP and apamine (not shown) (Fig. 9B) . The block by TEA was concentration dependent and reversible. The contribution of the Ca-dependent K-current (Crest et al., 1999) was tested with apamine (not shown). It was found negligible since 10 -6 M apamine decreased the A-current amplitude less than 5%. The current recorded from the snail neurons expressing K v 2.1 channels is similar to the vertebrate delayed rectifier K-current recorded from neurons expressing K v 2.1 type channels (Kristen et al., 2010) .
Discussion
K + -channels in the Helix CNS
It has been known for a long time that in the nervous system of mollusks there are a number of vertebrate-like peptide materials and some of them possess the same amino acid sequence as the endogenous compound identified in vertebrates (Walker, 1986) . This important finding suggested that a part of the signal molecules might have developed from common precursors, a characteristic evolutionary feature which they share with monoamine and amino acid transmitters (see. e.g. Venter et al., 1988; Barreiro-Iglesias et al., 2010) .
Going further on this way, receptors and related molecules such as ion channels involved in signaling processes at the membrane level may also have a common in structural/molecular organization, including basic amino acid sequence. Therefore it is not surprising that some of the very conserved and ancient voltage-dependent K + -channels (Rudy, 1988; Lu et al., 2001; Yifrach, 2004) suggests a well-defined specific role for the K + -channels studied. The immunohistochemical analysis of three Na + -channels, Na v 1.9, Na v 1.8, and Na v 1.7, in the Helix CNS also revealed a kind of differential presence of the cell groups labeled by the antibodies raised against the channels (Kiss et al., 2012) . It strengthens our suggestion that the cell groups containing the different ion channels are involved in different regulatory processes. On the other hand, the rich axon arborization observed in the neuropils throughout the CNS refers to an extensive involvement in synaptic (and non-synaptic) events. An additional role of K + -channels in signaling processes is indicated by the observation that K v 4.3 immunoreactivity occurred in the neural sheath and the aorta wall. The labeling was clearly bound to varicose fibers possibly innervating the muscle fibers present in both tissues. Earlier studies showed that the connective tissue sheath of Helix was innervated by 5-HT-IR and FMRFamide-IR elements (Hernádi et al 1989; Elekes and Nässel 1990; Elekes 1991) , and that 5-HT-IR varicosities formed unspecialized close membrane contacts with muscle fibers in the ganglionic connective tissue sheath (Elekes, 1991) . The localization of the labeled fibers in the aorta wall far from the lumen (Fig. 1D) can also be interpreted that they innervate the aorta wall musculature. This form of innervation resembles that of the axon network supplying the muscle fibers in the wall of the salivary gland duct which is also comprised of an innermost epithelial cell layer along the lumen and an outer muscle layer (Elekes, 2000; Kiss et al., 2003 Kiss et al., , 2010 . The complex regulation and transmitter background of the contractility of the muscular aorta wall have been previously described in Aplysia (see e.g. Sawada et al., 1981a, b; Sasaki et al., 2002) .
Subcellular localization of K + -channels in the Helix CNS
The localization and distribution of the HRP-DAB reaction product throughout the entire domain of the labeled neurons that is from cell body to the axon varicosities, refers to an "overall" role of the three K + -channels studied in the different anatomical regions of Helix nerve cells. It involves the possibility that K + -channels play a role in both axo-axonic and axo-somatic signaling in the Helix CNS, hence acting in both pre-and postsynaptic processes.
The labeling of neuronal perikarya throughout in the CNS raises two possibilities. It may indicate the site of the synthesis of the channels but also their involvement in axo-somatic contacts. Axo-somatic contacts were visualized in the gastropod (Aplysia, Helix) nervous system (Schwartz and Shkolnik, 1981; Elekes et al., 1985; Elekes, 1991) , including the globuli cell bodies in the PC of Helix and Limax . Interestingly, however, (Pentreath et al., 1982 , Cottrell et al., 1983 ; see also Chase, 2002) groups containing only one out of the three channels studied which suggests that they are involved in a single intercellular regulatory process.
Conclusions
In summary, our results provided data on the distribution and for the possible role of at the time marked by arrows at the 5th episode and the wash out started at the 33rd episode.
4-AP was applied at the 5th episode and the wash out started at the 22nd episode. In both cases the recovery was almost complete. The time between the 100 mV depolarizing pulses from the holding potential of -60mV was 30 sec. The test pulse was preceeded by hyperpolarizing prepulse to -100 mV. The inserts shows current traces obtained before and after 100 nM BDS II and 4 mM 4-AP exposure. 
